We report on measurements of an electrostatically-defined quantum dot device in bilayer graphene with an integrated charge detector. The device is fabricated without any etching and features a graphite back gate, leading to high quality quantum dots.
Introduction
Graphene is a promising candidate for future nano-electronic devices including building blocks for quantum information processing. Reasons are the expected long spin lifetimes 1 5 a device is needed that allows to confine charges and simultaneously measure their dynamics in a time-resolved way. This is possible with a quantum point contact (QPC) as charge detector in close proximity to a graphene quantum dot (QD).
The gap-less electronic band structure and Klein tunneling through potential barriers 6 make electrostatic confinement of charge carriers in monolayer graphene difficult. Therefore, in previous experiments, exfoliated graphene flakes have been etched to confine charge carriers in a quantum dot and to build charge detectors. [7] [8] [9] A disadvantage of this fabrication method are charge carrier localizations at the rough sample edges.
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In contrast, bilayer graphene offers the possibility to electrostatically define nanostructures by opening a band gap by applying a displacement field normal to the bilayer plane.
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With a suitable design of top and back gate electrodes, it allows for electrostatic confinement of charge carriers in high quality bilayer graphene devices. Recent experiments show the fabrication and measurement of high quality quantum dots and quantum point contacts using a graphite back gate. [14] [15] [16] In GaAs based devices a combination of QDs and QPCs extended the possibilities to investigate QDs. For example, it allowed to detect spin-qubit states 5, 17 and molecular states in coupled QDs. 18 Furthermore, charge detection can be used to investigate tunneling dynamics of charges in a time-resolved way 19, 20 and to obtain the full counting statistics of the charge current and the charge occupation. This makes coupling a QD to a charge detector interesting for advanced investigations of graphene QDs and a crucial ingredient to measure spin coherence times.
Here, we use bilayer graphene with its electrostatically induced band gap to fabricate a fully gate-defined device with quantum dots, which are also used as charge detectors. This allows to detect the charge carrier occupation of a graphene quantum dot. MG SG C h a n n e l1 The investigated bilayer graphene flake is encapsulated between two boron nitride flakes.
The van-der-Waals heterostructure has been fabricated as described in Ref. The corresponding conductance G QD1 measured simultaneously in the detector channel is shown in the lower panel in Figure 2b . We observe a broadened resonance with its maximum at V QD2 = −7.75 V and a width of 1 V with step-like features on top, when we take a line cut in the lower panel in Figure 2a . The resonance is broader in V QD2 than in V QD1 , due to the much smaller lever arm of the blue finger gate on the sensing dot as compared to the red finger gate. The conductance steps (marked with vertical dashed lines) are related to a shift ∆V QD2 in the resonance of the sensing dot with respect to the signal dot's voltage V QD2 .
From an analysis of the charging events an average shift in ∆V QD2 = 61 mV (see Figure 2a) is observed. The conductance in the detector channel ∆G QD1 = 0.2 e 2 /h (see Figure 2a) changes by up to 77% for a single charging event. This change in conductance is comparable with observations in GaAs quantum dots. In the following, we exchange the role of the two dots, to confirm that we are able to fully deplete the quantum dot and fill it with individual holes. The quantum dot in channel 2 (QD2) will be used as the sensing dot. The conductances of the signal dot in channel 1 (QD1) is shown in Figure 3a . For QD1, we can clearly see a first Coulomb resonance (marked by 1 ○) in the conductance of the channel with the signal dot at −8.9 V. The conductances G QD1 and G QD2 of both channels are shown in Figure 3a and b, while the gate voltage of the signal dot (QD1) is changed and a source-drain bias of V SD = 100 µV is applied to both channels. In the conductance of the detector G QD2 a first step is also observed at about Furthermore, QDs with tunable tunneling barriers and multiple-dots can be formed in channel 2 using the two broader finger gates (blue in Figure 4b ).
16 Figure 4a shows the differential conductance of the charge detector ∂I QD1 /∂V QD2 (the conductance change through the signal dot is lower than our measurement resolution) as function of the gate voltages The three dots measured in Figure 4a have different distances to the charge detector.
Hence, charging the different dots leads to different energy shifts of the sensing dots resonance. The distance between the signal dot and the sensing dot changes from 260 nm (dot between the gates, blue in Figure 4b ) to 315 nm (dot below left gate in Figure 4b ). The energy shift of the detector resonance is evaluated from the detection signal using the shift in gate voltage and the relative lever arms α, α FG1-QD1 /α FG2-QD1 and α FG1-QD1 /α FG3-QD1 = 0.01.
It decreases with the distance between sensing and signal dot from 50 µeV to 5 µeV in agreement with a Coulomb screening model. Our sample design allows for a minimal distance of 150 nm between the sensing dot and the signal dot, which leads to an energy shift of 6 meV which is of the same order as the charging energy of the sensing dot.
In conclusion, we presented an electrostatically-defined device that allows us to detect single charge carriers in bilayer graphene quantum dots. Using conductance resonances in the Coulomb-blockade regime of a second quantum dot as a sensitive detector, we reached a maximum relative conductance change of 77% for charge detection. Our measurements
show that a width of 150 nm for the MG is sufficient to avoid leakage between the sensing and signal dot and to reach a high signal-to-noise ratio in the detector. Using this device, we were able to show complete depletion of one of the quantum dots. Furthermore, we were able to observe the changes in the charge state of a quantum dot with tunable tunneling barriers, and of a multi-dot system. In the multi-dot regime, the charge detection enables us to determine the number of charge carriers in each of the dots. Our experiments demonstrate a device that is needed as the starting point for time-resolved measurements in graphene quantum dots, which may allow us to investigate the spin-lifetime in graphene. 
